T lymphocyte activation represents a pleiotropic set of cellular responses that includes cell cycle entry. Stimulation of T-cells results in transcription of several genes and expression of a variety of molecules, including cytokines and their specific receptors such as interleukin-2 (IL-2) and its receptor [ 11. Since the late 1970s the involvement of protein kinase C (PKC) in the course of T-cell activation has been well established. Activation of lymphocytes via the T-cell antigen receptor (TCR)/CD3 complex leads to the increased hydrolysis of inositol phospholipids and to subsequent production of inositol phosphates and diacylglycerols (DAGs) that result in elevation of intracellular calcium concentration and activation Abbreviations used: ASO-CoA, 18-(4'-azido-2'-hydroxybenzoy1amino)-oleoyl-CoA; D609, potassium tricyclo-[ 5.2.1 .02.6] -decyl-(9 [S]) -xanthogenate; IL-2, interleukin-2; LAT, lysophosphatide acyltransferase (acyl-coenzyme A: 1-acyl-sn-glycero-3-phosphocholine acyltransferase E.C. 2.3.1.23); NFAT, nuclear factor of activated T-cells; PC, phosphatidylcholine; PLC, phospholipase C (phosphatidylcholine choline phosphohydrolase E.C. 3.1.4.3); PLD, phospholipase D (phosphatidylcholine phosphatidohydrolase E.C. 3.1.4.4); PtdEth, phosphatidylethanol; TCR, T-cell antigen receptor; PKC, protein kinase C (E.C. 2.7.1.37); DAG, 1,2 diacyl-sn-glycerol; PtdIns(4,5)P2, phosphatidylinositol-4,5-bisphosphate. ' To whom correspondence should be addressed at the Institute of Molecular Pharmacology, Medical School Hannover, P.O. Box 61 01 80, D-30625 Hannover, Germany. Owing to exceptional unforeseen circumstances, Professor Szamel was unable to attend the meeting to present this paper, but it is included here for the sake of completeness of the Colloquium. of PKC, respectively [2] . PKC represents a family of serinelthreonine-specific protein kinases; at present 11 different PKC isoenzymes are known, which were classified according to their structure and cofactor requirements for activation. Although all PKC isoforms are activated by phospholipids and (with notable exceptions) DAG particular isoenzymes differ markedly in their sensitivity towards calcium.
PKC-a, -Pl, -/?2 and -y are dependent on calcium for activation, whereas PKC-6, -6, -rj and -0 are not. A third group of PKC isoenzymes (PKC-A, -1, -c) belongs to the PKC family structurally but is not activated by DAG or phorbol esters Upon activation by monoclonal antibodies directed against the TCR/CD3 complex (e.g. OKT3), PKC isoenzymes are activated with remarkably differential kinetics. As shown in our recent work, PKC-a (and -6) were activated within 10 min of T C R stimulation; this activation of these PKC isoenzymes proved to be transient. In contrast, a late and sustained activation of the PKC isoforms PKC-/?, -6 and -E was observed [4-61. These data suggested that: (1) different signalling mechanisms were involved in the activation of PKC isoenzymes upon T C R stimulation; and (2) different PKC isoenzymes regulated different cellular functions of stimulated T-cells.
~31.
Stimulation via the TCR/CD3 complex elicits sustained release of DAG from dual phospholipid origin [ I4C] lysophosphatidylcholine, which was reacylated and integrated into the phosphatidylcholine (PC) pool a long-lasting increase in DAG release was observed. These data implied that, besides phosphatidylinositol, PC was a major source of DAG in stimulated T-cells.
In order to differentiate between phospholipases involved in DAG release, we made use of potassium tricyclo-[5.2.1 .02.6]-decyl-(9[8J) -xanthogenate (D609), the specific inhibitor of PC-specific phospholipase C (PLC). While initial TCR/CD3 stimulation of DAG release was observed in D609-treated cells also, elevation of DAG production was completely inhibited by D609 after 30 min of activation. As in OKT3-stimulated cells, the high level of DAG release was maintained up to 1 h; these results suggested that the initial burst was due to the breakdown of phosphatidylinositol-4,5-bisphosphate [PtdIns(4,5)P2] and long-lasting DAG was catalysed by a PC-specific PLC ( Figure 1A ). This finding is supported by the notion that phosphatidylethanol (PtdEth) synthesis catalysed by phospholipase D (PLD) was not detectable in OKT3-stimulated cells. In contrast, in PMAtreated cells a significant increase in PtdEth synthesis was observed, suggesting that Jurkat T-cells contained PLD catalysing transphosphatidylation and thus PtdEth synthesis. PLD, however, was not regulated by the TCR and thus not responsible for long-lasting DAG release in stimulated Jurkat T-cells. Instead, increased DAG release seemed to be the consequence of activation of a PC-specific PLC.
Activation of Jurkat T-cells via the TCR led to a rapid and sustained translocation of protein kinase(s) C as measured by phosphorylation of peptide GS, a specific substrate of PKC and by increased [3H]phorbol-dibutyrate binding in plasma membranes of stimulated cells. PKC translocation was observed after 5 min of stimulation and maintained for at least 60 min. Preincubation of cells with D609 was without any influence on PKC translocation up to 15 min, whereas the long-lasting activation of PKC was completely abolished upon pretreatment with the inhibitor (Figure 1 B) . Immunoblotting with PKC-isoenzyme-specific antibodies demonstrated that it was the PKC-cr which translocated rapidly upon TCR stimulation, while sustained translocation of PKC-8 was observed upon activation via the TCR. These results suggested that phosphatidylinositol-derived DAG might be responsible for activation of the PKC-cr isoform; in contrast, PKC-p could be activated by DAG derived from PC. In the light of the studies on PC-derived DAG in sustained activation of PKC, our experiments on TCR-mediated, LAT-catalysed elevated incorporation of polyunsaturated fatty acids become more significant. We have shown previously that in resting T-cells phospholipase Az and LAT were associated with the TCR itself, although the exact mechanism of receptor/effector coupling has not been defined precisely. Plasma membrane-bound acyltransferases become activated upon TCR stimulation resulting in elevated incorporation of polyunsaturated fatty acids into plasma membrane phospholipids, especially PC. As PC carries predominantly saturated fatty acids in resting T-cells, exchange of fatty acid chains may lead to more unsaturated PC species in activated T-cells that might represent an appropriate substrate for PC-specific PLC, resulting in elevation of DAG species carrying polyunsaturated fatty acids [S-81. As shown recently, PKC was activated only by 1 ,Z-DAG carrying polyunsaturated fatty acids. This metabolic pathway has been suggested to be involved in sustained activation of PKC and thus in regulation of IL-2 synthesis and proliferation of T-cells ( [7] ; Figure   T o date, the exact role of LAT remains obscure for two major reasons. The enzyme has not been purified to homogeneity so far and, concomitantly, no specific inhibitors are available. Purification has been hampered by the fact that LAT, which is a strictly membrane-bound enzyme, rapidly loses its activity after solubilization with various detergents. We have, therefore, chosen a systematic approach for the solubilization of LAT using a two-step protocol. First, conditions have been optimized to extract the LAT from crude membranes of pig spleen or human placenta in protein-lipid-detergentmixed micelles with enzyme activity maintained using the non-ionic detergent n-octyl glucopyranoside in combination with solutions of high ionic strength [9, lo] . Additional experimental conditions have now been established that allow the dissection of these mixed micelles by CHAPS thereby yielding protein-detergent complexes that are free of lipid and accessible to protein purification. The finding that palmitoylCoA was a poor substrate as well as an inhibitor of the partially purified LAT was the basis for affinity chromatography using a palmitoyl-CoAagarose matrix [ 101. Unfortunately, a substantial inactivation of LAT activity became obvious 2). 
PC-specific PLC-regulated signalling pathways regulate activation of activated T-cell nuclear factor (NFAT) and IL-2 gene expression in stimulated T-cells
Preincubation of Jurkat T-cells with the specific PC-PLC inhibitor, D609, led to a concentrationdependent and reversible inhibition of TCRstimulated IL-2 synthesis. At a concentration of 30 pg/ml activation of both the IL-2 promoter and of IL-2 secretion was completely inhibited. These data suggest that inhibition of DAG release catalysed by PC-specific PLC and subsequent activation of PKC-fl might be critically involved in regulation of the IL-2 promoter. This assumption is strengthened by the results showtI ing that the PKC-specific inhibitor, bis-indolylmaleimide, resulted in inhibition of IL-2 promoter activity to a similar extent as that measured in D609-treated cells.
More importantly, pretreatment of cells with D609 resulted in inhibition of activation and nuclear binding of NFAT, measured by the lack of luciferase reporter gene activity in cells transfected with multiple copies of the NFAT binding site (Table 1) . T o our knowledge these data show for the first time that activation of NFAT might be impaired upon inhibition of plasma membrane phospholipid metabolism. This supports the concept that PC-derived DAG and subsequent activation of PKC-p were critically involved in activation of the IL-Zspecific transcription factor, NFAT. These results are in accordance with our recent findings showing that PKC-j? was the major PKC isoenzyme regulating IL-2 synthesis in stimulated lymphocytes [4] .
In recent years evidence has been collected showing that PKC isoenzymes might regulate different cellular functions in stimulated T-lymphocytes. Our own data showed that transient activation of PKC-x (and -0) were sufficient for upregulation of high affinity IL-2 receptors [4, 12] . In contrast, sustained activation of PKC-p and to a lesser extent that of PKC-6 (and -E ) was an absolute requirement for regulation of IL-2 gene expression and secretion in stimulated T-cells [4-81. Table I Inhibition by D609 T-cell nuclear factor activation and IL-2 synthesis in stimulated Jurkat cells
Jurkat T-cells were stimulated in the presence of different inhibitors for 8 h for T-cell nuclear factor activation and for I 6 h for IL-2 synthesis, respectively. T-cell nuclear factor activation was measured in extracts from cells transfeded with the reporter construct containing three copies of NFAT-luciferase with luciferin as substrate. Taken together, the results provide strong evidence for a functional relevance of PC-specific PLC in the course of T-cell activation. PC-specific PLC can provide the DAG necessary for long-lasting activation of PKC, especially for that of PKC-/?. In this context it can be envisaged that the role of LAT is to catalyse the enhanced incorporation of polyunsaturated fatty acids and thus generate PC species which are precursors of DAG with genuine PKC-activating properties. The data suggest that PKC-/?-regulated signal transduction pathways might be critically involved in the regulation of NFAT activation and finally in activation of IL-2 gene expression in stimulated T-lymphocytes.
Introduction
The non-specific lipid transfer protein (nsL-TP) identical to sterol carrier protein 2 (SCP2) is a small basic protein which stimulates the transport of a great variety of lipids in vitro including cholesterol and phospholipids between membranes [l]. It was also reported that this protein stimulates the enzymic conversion of 7-dehydrocholesterol into cholesterol in microsomes [2] , acyltransferase-mediated esterification of microAbbreviations used: nsL-TP, non-specific lipid transfer protein; SCP2, sterol carrier protein 2; PTSI, type 1 peroxisome targeting sequence; Pyr-C 12, 12-pyrenyl-dodecanoic acid; FRET, fluorescence resonance energy transfer. 'To whom correspondence should be addressed. 'Present address: Imperial Cancer Research Fund, London WC2A 3PX, U.K. . At present, this wide range of activities is difficult to reconcile with the intracellular localization of nsL-TP which is predominantly, if not exclusively, peroxisomal [6, 7] . In view of this discrepancy between function and localization we favour the idea that due to an exposure of its low-affinity lipid binding site at the membrane interface, nsL-TP facilitates the mobilization of lipid monomers thereby stimulating lipidmetabolizing processes, supposedly in a nonspecific way [8] . Given that peroxisomes contain enzymes involved in cholesterol and alkylphospholipid biosynthesis, /?-oxidation of long-chain and branched-chain fatty acids and the sidechain cleavage reaction in bile acid synthesis (reviewed in [9] ), nsL-TP may well have a role Volume 26
